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ABSTRACT 


This thesis presents the design and layout of a Gallium Arsenide (GaAs) Dynamic Ran- 
dom Access Memory (DRAM) cell. Attempts have been made at producing GaAs DRAM 
cells. but these have dealt with modifications to the fabrication process, are expensive. and 
have met with little success. An eight-address by one-bit memory is designed. simulated, 
and laid out for a standard GaAs digital fabrication process. Three different configurations 
of RAM cells are considered: the Three-Transistor RAM Cell, the One-Transistor RAM 
Cell with a Diode and the One-Transistor RAM Cell with a capacitor. All are tested and 
compared using the circuit simulator HSPICE. The chosen DRAM design uses the One- 
Transistor RAM Cell with a parallel plate capacitor and a five-transistor differential sense 
amplifier that handles reading as well as refresh of the memory cells. The differential sense 
amplifier compares a dummy cell with a memory cell to perform a read. The required tim- 
ing is presented and demonstrated with read, write, and refresh cycles. Actions to minimize 
charge leakage are also considered and discussed. The design is simulated for access rates 
of approximately five nanoseconds, but the basic design can work at much faster rates with 


little modification. 
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1. INTRODUCTION 


A. BACKGROUND 

Gallium Arsenide (GaAs) has been used commercially since the 1960's in the 
microwave/optics field. Many advances in GaAs technology have occurred since then. It 
has been in the last ten or so years that GaAs has started to play a more important role in 
digital integrated circuits. In applications where speed is required and power consumption 
is not a big concern, GaAs is now a strong contender with Emitter-Coupled Logic (ECL). 

GaAs is a compound semiconductor with properties that in many respects are much 
better than those of silicon (Si). These properties also pose different problems than the 
properties of Si. For this application, some of the worst properties are the leakage currents. 
Digital integrated circuits utilizing GaAs are still part of a young field with many different 
and varied topics in which to do research. 

The main advantages [Ref. 1] of GaAs are: 


Short logic gate propagation delays- Typically around 10-150 picoseconds 
compared to nanoseconds for Si. 

Low power consumption-- GaAs typically dissipates more power than Si, but for 
$1 circuits operating at the speed of GaAs, GaAs is far superior. The Power- 
Delay Product (power dissipated x propagation delay) is a good measure for 
comparison and it gives GaAs a 5:1 advantage in favor of GaAs. 

Radiation hard-- There are two problems that circuits have with radiation. The 
first of these is single event upsets where a nuclear particle collides with a 
transistor and causes an incorrect voltage level to appear in the circuit. Both Si 
and GaAs suffer from this problem. The second problem, substrate degradation 
from bombardment, is a ‘Si only’ problem and means that after a period of time 
the Si circuit will eventually stop working. 

Optical properties-- GaAs has been widely used in optics. 


The disadvantages [Ref. 1] of GaAs as claimed by Si: 


Lower logic density-- The technology for GaAs fabrication is approximately a 
generation behind that of Si. This greatly reduces the density of the circuits as 
does the odd layout shape of the GaAs logic gates. 

High Input/Output delay to propagation delay ratio-- The delay of a signal on a 
glass epoxy circuit board is approximately one nanosecond per foot. This, 
compared to picosecond logic propagation delays is a big problem. Due to the 


very small delays and high operating speed, GaAs suffers from all the problems 
and effects of transmission lines. Therefore, GaAs design and layout must take 
transmission line theory into consideration. 

High power dissipation for high speed logic-- This is true, but as technology 
improves the power dissipation is decreasing. Si has an even higher power 
dissipation for very high speed logic. 

Some other disadvantages that may have been true a year ago are that GaAs is more 
costly and difficult to design. The costly part is no longer an issue. As more GaAs chips are 
fabricated, the cost continues to drop, and it is now comparable to Si. The difficulty in the 
design stems from the lack of design tools available to design GaAs circuits. Spice and 
MAGIC are now available. Other difficulties arise from the few small manufacturers that 


fabricate GaAs chips -- the design specifications vary from manufacturer to manufacturer. 


B. GaAs DYNAMIC RANDOM ACCESS MEMORY 


With the continual improvements in processing power and speed of Central 
Processing Units (CPUS), the mismatch between CPU and memory is getting larger and 
larger and the CPU is ‘waiting’ for memory more and more. The need is ever increasing for 
a Dynamic Random Access Memory (DRAM) that can better cater to the speed 
requirements of the CPU. Dynamic memory is being sold with a 50 nanosecond access time 
while static memory can be found with approximately a 10 nanosecond access time. With 
GaAs, itis possible to reduce this access time to much less than one nanosecond. The access 
times would be much less than this if power and space requirements were not an issue. 

This thesis will present some basic designs of GaAs DRAM cells and then focus on a 
One-Transistor DRAM cell. It will cover charge storage and maintenance, sensitivity, 


refresh, timing, simulation, layout and final testing. 


II. DYNAMIC RANDOM ACCESS MEMORY 


A. DIFFERENT CONFIGURATIONS 

A dynamic circuit is one that performs logic by the storage and evaluation of charge 
on circuit nodes. DRAM cells, or models, differ by where the charge is stored. The charge 
can be stored on the gate, drain, or source of a transistor. or combinations of the above. 
Because Si is developmentally about one step ahead of GaAs, an interesting method to use 
in designing GaAs circuits is to try designs that worked well with Enhancement and 
Depletion Mode FETs in Si. The problem here 1s that Si and GaAs have very different 
properties. Where Si transistors can be considered either “on” or “off”, GaAs transistors, 
due to leakage currents, are more “gray” in their operation. The effects of these leakage 
currents will be discussed later. The two different models fora DRAM cell that have been 


shifted to GaAs are the basic Three-Transistor Model and the One-Transistor Model. 


1. Three-Transistor Model 
The Three-Transistor model 1s obviously named for the three transistors that 
make up the cell. A diagram of this model can be seen in Figure 1. The three-transistor 
model is inverting, that means that a stored high is read as a low and vise versa. Referring 
to Figure 1, the charge is stored at node D. If the charge is high, a ONE 1s stored although 


a low will be read. 


a. Write 
Referring to Figure 1, to Write a ONE (high): Tie node C low and turn 
transistor 3 on by briefly pulsing node A. This effectively makes node D low, or to say it 
another way, a low is stored at node D. Since node D is low, transistor 2 is off. 
To Write a ZERO (low): Tie node C high and turn transistor 3 on by briefly 
pulsing node A. This effectively makes node D high, or to say it another way, a high 15 


stored at node D. Since node D is high, transistor 2 1s on. 


р. Read 
To Read the Three-Transistor Cell requires that the BIT I/O (BIO) line be 
precharged to a high. On the next half cycle, turn transistor 1 (Figure 1) on by pulsing node 
B. If the charge stored at node D is high, transistor 2 is on and the BIO line is dragged low 
through transistors 1 and 2. Therefore. a low is read. To Read a high, the BIO line is 
precharged high again, but this time transistor 2 is off and the BIO line is not dragged low. 


it stays high. Hence, a high is read. 


c. Operation 
The operation of the Three-Transistor Cell is not fully explained by covering 
a Read and Write cycle. There is also a little matter of refresh that must be considered. 
Refresh is the name given to the act of replenishing the charge stored. Due to leakage, the 
charge stored at a node will not last indefinitely and must be replenished from time to time. 
To do this for the Three-Transistor Cell requires Reading the cell, arranging node C to be 


pulled high or low (the inverse of what was read), then pulsing node A to turn on transistor 
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Figure 1. Three-Transistor Ram Cell 


3 and replenish the charge. Basically, it is a Read followed by a Write with a period of time 


in between for determining whether the following Write wiil be a ONE or a ZERO. 


2. One-Transistor RAM Cell with a Diode 

The number of transistors in the cell is the obvious source for the name of the 
One-Transistor Cell. The second transistor is actually used as a capacitor and does not 
count as an active transistor. This model. with some of the required support transistors. can 
be seen in Figure 2. The transistor used as a diode can be either an enhancement or a 
depletion mode transistor. The behavior demonstrated by a reversed biased diode allow it 
to be used as a capacitor. From Appendix À, it can be seen that by comparing charge 
storage abilities, a depletion mode transistor is superior to the enhancement mode transistor 


for this application. 
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Figure 2. One-Transistor RAM Cell With A Diode 


a. Write 


To Write a ONE (high), pulse node B. which turns on transistor 2. and 
concurrently, pulse node A to turn on transistor 1. This opens a direct path from VDD 
through transistor 2 and transistor | to charge node D. 

To Write a ZERO (low), pulse node C. which turns on transistor 3, and 
concurrently, pulse node A to turn on transistor 1. This opens a direct path from GND 


through transistor 3 and transistor 1 to discharge node D. 


b. Read 

To Read this cell, it is a simple matter of ensuring that the pullup (transistor 
2) and pulldown (transistor 3) transistors are off and that the BIO line is either discharged 
or at a low potential. then pulse A to turn on transistor 1. This is where the Three-Transistor 
Model differs drastically from the One-Transistor Model. The Three-Transistor Model 
must have a way to deal with the inverted output and must have an elaborate plan for 
Refresh. The One-Transistor Model must use a sensing amplifier or a differential amplifier 
to be able to determine whether a ONE or a ZERO is read. Unlike the Three- Transistor 
Model, there is no direct path to ground to drag the BIO line to zero. A ZERO is Read by 
a slight drop in the potential of the BIO line. A ONE is Read by a slight rise in the potential 
of the BIO line. The whole BIO line does not have to be charged or discharged, the potential 
only has to increase or decrease enough for the sense amp to sense the change. As will be 
seen, refresh of the One-Transistor Model is accomplished by a Read and there is no need 


for extra circuitry. This makes refresh much easier for this circuit. 


3. One-Transistor RAM Cell with a Capacitor 
The One-Transistor RAM Cell with a capacitor is exactly the same as the One- 
Transistor RAM Cell with a diode, except that one uses a diode to store charge and the other 
uses a capacitor. This can be seen in Figure 3. The operations of Read and Write are exactly 
the same as described above for the case with a diode. In fact, all the operations are exactly 


the same. 
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Figure 3. One-Transistor RAM Cell With A Capacitor 


В. CHARGESTORAGE 

There are many factors that go into the decision to use one model over another for a 
specific application. For this application, a prime factor 1s the charge storage ability, or 
charge maintenance. In Si, this is not as major a factor because Si does not suffer the large 
leakage currents that GaAs does. These leakage currents are, for most applications, 
secondary effects. The major simulation software packages available, namely VSPICE 
(Vitesse SPICE) and SPICE3, do not include these secondary effects. Testing these 
dynamic circuits with packages such as these tend to give one a false sense of security 


because these secondary effects are of major importance to these circuits. One simulation 


package that does include all secondary effects and is considered the best simulation 
package available is HSPICE. The secondary effects that are of greatest concern are 
subthreshold current and substrate leakage current. Subthreshold current is the residual 
leakage current that flows from source to drain when V as is biased more negatively than 


V r Substrate leakage current is leakage through the substrate which occurs due to injection 


of charge from a forward biased contact. A further discussion of these two effects can be 


found in the book by Long (Ref. 2). 


1. Three-Transistor RAM Cell 

Ав stated earlier, charge is stored on the gate of a transistor in the Three-Transistor 
Model. The circuit of Figure 1 was entered into HSPICE. The cell was written with a high 
potential and then left to discharge at will. Appendix A presents all the charge comparisons 
and calculations for the three models. The result is that this method fails miserably when 
compared to the other two methods. It seems a bit strange that the charge would fall off 
much faster for this case than for the diode case. There are three possible causes for this. 
The first is that the transistor is a depletion type instead of the enhancement type used by 
the diode. This does not fully explain the effect. In Figure A1, there is a direct comparison 
between an enhancement diode and a depletion diode and the difference is not great enough 
to account for the extremely large disagreement between the two models. The second 
possible cause is that HSPICE uses two different models for the two cases. The HSPICE 
documentation mentions some differences between the two models. It could just be that, 
for the application, the leakages in the transistor model are magnified when they are at a 
minimum for the diode model. The last possible cause is that the gate storage relies on a 
forward biased junction and the diode relies on a reversed biased junction. This is the most 


probable cause of the large differences. 


2. One-Transistor RAM Cell with a Diode and Capacitor 


The in-depth charge comparison and graphs are in Appendix A. The results show 
that the charge storage ability of the diode is very similar to that of the capacitor. Unlike 


the capacitor. whose behavior is very simple and straightforward. the behavior of the diode 
changes drastically with transistor size and model. When research commenced on this 
project. HSPICE was not available. VSPICE and SPICE3 were used as tools to help make 
an educated guess as to which method of charge storage, diode or capacitor. to pursue. As 
stated earlier. these tools did not include the modeling of second order effects, so 1t was 
decided to take the more conservative approach and use the capacitor model as its abilities 
and characteristics were much better known. Looking at Appendix A. an argument can be 
made for using either one of the methods. The narrower gate-length on the diode enables 
the charge to rise faster and go higher than the capacitor. but the charge also dissipates 
faster. The larger gate lengths do not dissipate charge as fast, but they do not get charged 
as high. There is a point where the diode 1s actually a better choice than the capacitor. but 
this was not known when the decision was made to use a parallel plate capacitor. As will 
be seen, the charge maintenance of this capacitor in the finished circuit is fairly good. If the 
curves in Appendix A are extrapolated, it can be seen that both the capacitor and the diode 
converge on the same point. The next section will explore the operation of the One- 


Transistor model and some other differences between the use of a diode and a capacitor. 


III. ONE-TRANSISTOR DYNAMIC RANDOM ACCESS MEMORY 


A. DEVELOPEMENT 


The development of a One-Transistor Memory array originated in VSPICE with 
SPICE3 being used when convergence problems prohibited the use of VSPICE. The basic 
functioning was fully tested in SPICE3. After the decision was made to use a One- 
Transistor RAM Cell with a capacitor, an appropriate method to sense the BIO line was 
needed. It was easy to decide that some sort of differential amplifier was needed, and that 
it had to be very sensitive. A few preliminary designs were done with little success before 
the final version was found [Ref.3]. The discussion of the sense amplifier can be found 
under B. SENSE AMPLIFIER. Once the sense amplifier was chosen, it was possible to 
design and simulate the basic circuit. This started the long iterative process of finding the 
best size transistors and capacitors to optimize circuit performance. It is interesting to note 
how small differences in transistor size can make a big difference to the overall functioning 
of the circuit. Referring to Figure 4, the first transistor that was sized was the read/write 
transistor. This had to be sized to give maximum potential transfer from the BIO line to the 
capacitor and back from the capacitor to the BIO line. This was not a task that could be done 
without considering the size of the pullup transistor. Everything has an influence over 
everything else and it was not easy to find the right combinations of transistor sizes and 
capacitors to optimize overall performance. The design called for the circuit to be fast 
enough to be competitive with what is currently available, but not too fast so the size of the 


array would not be a problem as far as expense of fabrication. 


B. SENSEAMPLIFIER 

The sense amplifier that was used was borrowed from a One-Transistor Memory 
application that used Si n-channel metal oxide semiconductor (NMOS) technology and 
enhancement-depletion mode transistors. It used five transistors and can be seen in Figure 


4. The sense amplifier is the heart of any design using one-transistor memory cells because 
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of the need for something that is very sensitive to a change or mismatch on the BIO lines. 


It must also be able to quickly pull the BIO line high or low depending on what was sensed. 


1. Operation 


The operation of the sense amplifier determines how the entire memory array will 
operate. Referring to Figure 4, the basic operation of the sense amplifier 1s discussed. On 
the first half of a clock cycle. the equalization transistor (transistor 5) comes on to equalize 
the potentials of the two symmetric BIO lines. With the BIO lines equalized, a memory cell 


on one side of the sense amplifier and a dummy cell on the opposite side are turned on. This 
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Figure 4. Sense Amplifier 


unbalances the two BIO lines and the two sense transistors (transistors | and 2) come on 
and help the flip-flop action of the sense amplifier to pull the BIO lines in opposite 
directions. If a ONE had been stored in the memory cell, the potential would be higher on 
the memory cell side than on the dummy cell side and the BIO lines would be off balance 
in favor of the memory cell. The sense amplifier takes these unbalanced BIO lines and 
reinforces them by causing them to be pulled even farther in their high and low directions. 
The sense amplifier always causes one BIO line to go high and the other to compliment it 
by going low. Reading a ZERO on one side causes the BIO lines to behave exactly the same 
as if there was a ONE on the opposite side. This timing is very important and can be seen 
in Appendix B. Figure 5 gives a better view of the sense amplifier because it includes some 


of the memory cells and both of the dummy cells. 


2. Timing 

The timing of the Sense Amplifier is very straight forward and can be seen in 
Figure B1 and Figure B2. First the equalization pulse comes on and goes off. Then the cell 
read/write transistor and the opposite dummy transistor come on so that the BIO lines have 
a chance to be unbalanced before the sense transistors come on. This basic timing scheme 
is the same for a Read as well as a Write. The circuit will also work if the cell, dummy, and 
sense transistors come on at the same time. This though, does not allow the BIO lines to be 
unbalanced strictly by the stored charge, and may result in a fictitious Read should the sense 
amplifier and BIO lines not be symmetric. This adds a bit more to the complexity of the 
support circuitry because a two-phase non-overlapping clock must be generated, and one 
phase must also be delayed to turn on the sense transistors. To get a better feel for how this 


was done, refer to Michael A. Morris’ thesis [Ref. 4] on GaAs DRAM support circuitry. 
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Figure 5. Sense Amplifier with Cells 


GHD 


3. Sensitivity 
The sensitivity or robustness of the sense amplifier was tested using a spice file 
of the circuit of Figure 4. The driving force behind the tests performed is that during 
fabrication, transistor sizes and capacitance values may make the sense amplifier 
asymmetric. Also. temperature affects may play havoc with leakage currents and cause the 


whole project to fail. 


(1) Change in Transistor Sizes. The following table, Table 1, presents the changes 
in the transistor sizes that were performed as well as the effect the change had on the ability 
of the sense amplifier to sense the proper value. This test was accomplished using the 
HSPICE initial conditions (.IC) line in the spice file, then doing a short run to see how the 
sense amplifier responded. Table 1 also shows the effect temperature has on the sense 
amplifier, the cooler temperature (23.0 deg C) is a little more forgiving than the higher 
(85.0 deg C) temperature. As the temperature increases, the circuit gets less and less 


tolerant to asymmetry. 


TABLE 1 
SENSE AMPLIFIER SENSITIVITY (TRANSISTOR SIZES) 
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TABLE 1 
SENSE AMPLIFIER SENSITIVITY (TRANSISTOR SIZES) 


SIZE SIZE SIZE SIZE 
Ms — E i" 


| 12 | 8 | 210 | 210 | oso | 049 | 85.0 | ra ` 


REREEKAENE HEAR 3E 
La | s [39 [9 | exe | ser | e [wes 
о | s [3e pw | exe | esr p ne [wc 
La [os [3e [3e | ово | eer [ mo | pass 
Lu [os [39 [39 [exe [ os p me [ra 
о | 5 | во [эю [зө [озю [в pres 
Ls [s pu pe p e | om | во prc 
э [э [эж pow | ee [ exe | 230 — pass 
Ls [po >o | we T sse xe prac 


(2) Capacitance effects. The amount of capacitance that is felt by the sense 





















amplifier on each of the BIO lines is also an important item to consider when discussing a 
symmetric circuit. If one side has more capacitance than another it can upset the balance 
and cause an erroneous result. This test was performed with two different capacitance 
values with the intent to find the capacitance mismatch that would cause an erroneous 
answer. Again, temperature plays an important part in how the sense amplifier will 
respond, so two different temperatures were used. It 1s very easy to see the spread of 


acceptable capacitance mismatch, and also very easy to see the effect of temperature. 
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ТАВЕЕ 2 
SENSE AMPLIFIER SENSITIVITY (CAPACITANCE MISMATCID) 
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(3) Speed. The speed of the sense amplifier is strictly dependent on the amount 









of capacitance on the BIO lines. Due to the configuration of the circuit, HSPICE will assign 
a capacitance value. As the circuit is made bigger, the amount of capacitance that 1s 
assigned to the BIO lines increases. This capacitance value is not dependent on the physical 
layout of the circuit, but is more a function of the physics of the devices that are in the 
circuit. With a large capacitance, it takes longer to charge or discharge the BIO lines. This 
can be overcome to a certain extent, by proper sizing of the transistors that make up the 


sense amplifier. This has a limit as a trade-off is reached between speed and size. 
C. MEMORY ARRAY 


1. Operation 
Figure 6 shows the circuit diagram for the entire eight-address by one-bit memory 


array. With the aide of this figure, the operation of the array will be covered. Note the 
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symmetry in the diagram and that the sense amplifier is in the center with a dummy cell on 
each side. It is very important to maintain symmetry as discussed above under B. SENSE 
AMP. 

The figures of Appendix B show the timing of the signals for a basic Read/Write 
operation. There are a few signals that are tied directly to the clock as can clearly be seen 
in Figure B] and Figure B2. These signals happen every cycle and always perform the same 
function. The first group of signals are called Phase One signals and they include the 
Precharge signal and Equalization signal. Phase One signals all happen at the same time. 
The Precharge signal turns on the transistors to cause the precharging of the dummy cells 
and the precharging of the BIO lines. The Equalization signal causes the equalization 
transistor to turn on and it performs the duty that its name implies. it equalizes the potential 
on the two BIO lines. There is only one Phase Two signal that happens all the time and it 
Is called the Sense signal. The Sense signal is a delayed version of the second phase of the 
clock, but itis still a Phase Two signal. This signal turns on the sense transistors in the sense 


amplifier. 


a. Write 

A Write starts out with the usual Phase One signals. It is followed directly be 
either a Pullup or Pulldown Phase Two signal. These signals turn on either the BIO line 
pullup or pulldown transistors. At the same time, the Phase Two signal, Read/Write, turns 
on the appropriate memory cell transistor. (The Read/Write signal also turns on the dummy 
cell on the opposite side of the memory cell, but this has no effect here.) This in effect 
Wntes a ONE through the pullup transistor or Writes a ZERO through the pulldown 
transistor. Figure B3 shows two Writes to opposite side memory cells. The signals are 
labeled for easy identification. Note that the action of the sense transistors during a Write 
causes the BIO line on the side doing the Write to be pulled high, and the other BIO line to 
go low. In fact, the sense transistors always ensure that the two BIO lines are always 


opposite -- one high the other low. Figure B4 shows the same Write operation with the 


addition of the plots of the actual charge stored. The cell charge follows the BIO line and 
when the Read/Write pulse is turned off the charge is stored on the capacitors. Figure BS is 
a more expanded view of a Write of a ONE so that a better idea of the delays and rise times 
can be obtained. Figure B6 is a view of the waveforms for a Write of a ZERO. Note the 
Odd BIO Line gets dragged down and the cell charge tollows. only to be stored as a very 
good low when the Read/Write pulse turns off. Note that the Even BIO Line goes high as 
expected, but that it is just as high as it would be on a Read of a ONE as in Figure B7. With 
this arrangement of complimentary BIO lines, it is possible and maybe even advantageous 


to only monitor one side. What is happening on the other side will still be known. 


b. Read 

A Read is done exactly the same as a Write with the exception that the Pullup 
or Pulldown signals do not occur. The Phase One signals happen as usual and then the 
Phase Two signal, Read/Write, turns on the appropriate memory cell and the opposite 
dummy cell. During the short pause before the Sense signal turns on, the BIO lines are 
being unbalanced by the memory cell on one side and the dummy cell on the other. When 
the Sense signal turns on the sense transistors, the BIO lines quickly go high and low 
depending on the preexisting unbalance. This is where the sensitivity of the sense amplifier 
comes into play. It needs to be able to function properly even with small differential 
voltages on the BIO lines. Figure B7 and Figure B8 demonstrate the Reading of a ONE and 
a ZERO respectively. Note the effect of the sense transistors as they pull the BIO lines high 


and low and replenish (refresh) the charge in the memory cells in the process. 
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FIGURE 6. Sense Amplifier with Cells and Supporting Circuitry 
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с. Refresh 

Any time that proper functioning depends on charge storage on an isolated 
node, as in the case of dynamic circuits, plans must be included for refresh. The stored 
charge will leak away and be gone forever unless refreshing is done at appropriate intervals. 
Refresh works in a One-Transistor Cell by simply doing a Read. When the sense amplifier 
is forcing the BIO lines to go high or low on a Read, the memory cell's read/write transistor 
is still on, and therefore the BIO lines as well as the cell's capacitor is being dragged high 
or low. Hence. the cell is refreshed by the act of Reading the cell. This is very convenient 
as it makes a refresh of all the cells a simple matter of counting through all the cells and 
performing a Read of each one. Looking at Read again, one can see that a one-bit by eight- 
address array would require eight clock cycles to perform a refresh. This is much easier and 
more straightforward than the Three-Transistor Model that has an inverted output. 

How often a refresh must be done depends on the charge storage ability of the 
memory cell. À test was run on two memory cells of an array. One cell was a capacitor and 
one was a diode of a physical size equivalent to that of the capacitor. These cells were both 
written with a high, one at a time, and then left to see how long charge can be maintained 
on each of the two cells. To accomplish this long simulation using HSPICE, it was 
necessary to turn off all of the varying inputs that were not directly concerned with charge 
storage. The HSPICE file used for this simulation can be found in Appendix C with the 
resulting graph, Figure C1. At this point, it became necessary to find another way to run the 
simulation. It took HSPICE five days to run the simulation of Figure C1. This was due to 
the precharge and equalization pulse that was not turned off so that more realistic results 
could be obtained. To run the same simulation for ten milliseconds would be much too time 
consuming, especially when variations on the program would also be run. To allow 
HSPICE to run faster, the forever changing signal, Precharge would have to be secured. To 
do this required disconnecting the sense amplifier and then turning on a pullup transistor 
when the Writes were complete. The HSPICE file for this simulation can be found in 


Appendix C. The pullup transistor is tied to the desired precharge voltage level. A series of 
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graphs were generated for different precharge voltage levels. with the capacitor and three 
different diodes graphed for each level. The complete series of graphs. Figure C2 through 
Figure C12, were generated for the simple reason that the results were not as expected. 
Figure Cl shows the diode discharge rate to be slower than the capacitor. and Figure B3 
shows a precharge of approximately 2.8 volts. Figure C2 through Figure C10 show that the 
capacitor discharge rate is far superior to the diode for any precharge greater than 2.0 volts. 
This apparent difference triggered the tedious job of trying to match Figure C1 with any 
precharge voltage. It can be seen that Figure C12, with a precharge of 1.7 volts, comes very 
close to Figure C1. The difference can be explained by understanding that the precharge 
transistors in the real circuit only turn on once every other half clock cycle. The other half 
of the time the BIO lines are at some other level. In fact, when charging time is taken into 
consideration, the BIO lines spend most of the time at some other level. The test circuit puts 
a precharge on the BIO lines and it stays there for eternity. Therefore, the effective 
precharge level is around 1.7 volts though the BIO line is actually pulled higher than that. 

The series of figures in Appendix C does show the direct relation between 
precharge and charge storage ability. By looking at Figure C12, C12 more closely matches 
the circuit as designed, a refresh interval of approximately three milliseconds would be 
satisfactory. If the BIO lines could be consistently held at a higher effective level the refresh 


interval would be longer. 


d. Write and Read Capacitor and Diode 
With the same support circuitry, a diode was put in place of a capacitor on 
one side of the BIO line. This was done to get a comparison between the two as far as the 
Write and Read charge levels of the two different methods. It is interesting to see in Figure 
B9 that the capacitor initially charges to a higher value than the diode during the Write, but 
that during successive Reads following the initial Write the two charges become basically 


equal. The refreshing of charge during a Read is not as effective for the capacitor as it is for 
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the diode. This compounds the belief that the diode may actually be a better choice than the 


capacitor for charge storage in the memory array. 


2. Minimize Leakage Effects 

As mentioned earlier. leakage is a much more serious problem for GaAs than it is 
for Si. The second order effects that are of concern are subthreshold current and substrate 
leakage current. Subthreshold current is the residual leakage current that flows from source 
to drain for Vos biased more negatively than V 7; Substrate leakage current is leakage 
through the substrate which occurs due to injection of charge from a forward biased 
contact. From further reading conceming these effects, it seems that the DRAM application 
is one in which these effects are not minor and definitely not secondary. There are two 
things that can help minimize their effects. The first is to precharge the BIO lines to some 
value that is almost equivalent to the charge on the dummy cell. This reduces the voltage 
across the read/write transistor and helps to minimize the leakage. The other method to 
minimize leakage is to use depletion type transistors and control them with a good solid 0 
to -1.2 volt logic swing. The problems that these solutions raise are increased power 
consumption and the requirement for another power supply. The higher power 
consumption is a reflection of the power used to precharge the BIO lines. The requirement 
for another power supply is an outgrowth of the need to level shift signals to be able to use 
them to operate depletion type transistors. The 0 to 0.6 volt signals must be shifted to -1.2 
to 0 volts, respectively. 

To obtain a direct comparison between precharged BIO lines and non-precharged 
BIO lines, it was necessary to run the HSPICE file of Appendix C again. However, this time 
the precharge transistors are disconnected. The results can be found in Figure C13. Figure 
СІЗ rounds out the series on different precharge levels rather nicely, and the series is very 
good to demonstrate the effect precharge has on transistor leakage. Note the great change 


in the decay rates of the cell charges. The decay rate with no precharge will not support a 


refresh interval of 0.1 milliseconds and the decay rate with higher precharge levels will 


support a refresh interval greater than 10 milliseconds. 


3. Layout 
The prime considerations in the layout of the memory cell, sense amplifier and 
Memory Array are the transistor sizes, the capacitor design, the power. or more precisely, 
the current requirements and capacitance considerations. Each one of these considerations 
has the ability to cause the project to fail. Therefore, each one will be addressed in turn. The 
layout was done using MAGIC, and can be seen in Figure 7. The total size for a 1 bit by 8 


address array is 60,430 square micrometers. 


a. Transistor Sizes 
There are some basic limitations on the size of the transistors that can be 
reliably fabricated. There are also the requirements to have some large transistors in the 
circuit that are much larger than the basic limit. When this problem arises, it becomes 
necessary to make smaller transistors and put them in parallel. This causes the total number 
of transistors to increase, the current requirements to increase, and the capacitance effects 
to increase. These different problems can cause the size of the capacitors as well as the size 


of the transistors to change. 


b. Capacitor Design 
The design of the capacitors must be accomplished such that they are all 
approximately the same size and that they occupy the minimum amount of space. That is 
why a capacitor design of Figure A4 was chosen and the capacitance calculated with the 
nominal values of Table A1. Using the nominal values should not be a problem, because 


the sense amplifier is very forgiving in asymmetric capacitance loading. 


с. Power /Current Requirements 


The circuit was actually laid out twice. The first time it was laid out using the 


current measurements of the standard HSPICE file. Then, it was laid out again after getting 


the current measurements from the simulation of the laid out circuit. The final 
measurements can be seen in Table 3. The current measurements are important because 
there are current limitations on the circuit imposed by the width and type of metal used. 
These limitations are presented in Table 4. These limitations are not important to HSPICE. 
In fact, the circuit can be laid out using the minimum widths, and still simulate 
satisfactorily. These limitations are only important to the fabrication of the circuit. When 
the circuit is fabricated, it is important to design the lengths of wire wide enough to be able 
to support the current that they will be required to pass without burning up and failing 
prematurely. The lengths of wire must also be wide enough to minimize the voltage drop 
along a wire and thus ensure the proper logic swing to maintain operation. Hence, the extra 
care taken in the layout of the circuit is both warranted and required. 

The other aspect of current limitations/power limitations is the actual power 
drawn by the circuit. HSPICE will calculate this power and display it as a graph showing 
the instantaneous power used by the memory array. The total memory array power was 
calculated for three cases. The first case deals with the Write of a ONE to both sides 
followed by the Read of a ONE on both sides. This can be seen in Figure Dl. The second 
case 1s the Write of a ONE to one side and the Write of a ZERO to the other followed by 
the Read of both sides. This graph can be seen in Figure D2. Figure D3 shows the last case 
and is a comparison between the capacitor cell and the diode cell. A ONE was written to 
both cells and then read. From these graphs it can be seen that the Read of a ONE or ZERO 
and the Write of a ZERO all use the same power whether it is a capacitor or a diode. The 
Write of a ONE to either a capacitor ora diode use the same higher power. With the thought 
of using more than one memory array in a larger system, it is nice that each array will only 


draw a maximum of 12.5 milli-watts. For an eight-bit word this equates to 0.1 watt. 
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TABLE 3 
DRAM ARRAY CURRENT MEASUREMENTS 


@ 85 deg C 


Odd Side Pullup 2.55 uA 
Data Zero 180 нА 
228 нА 
227 нА 
228 uA 
441 нА 
810 НА 










Data One 






Even Dummy Cell Control 






Odd Dummy Cell Control 







Sense Voltage 
Equaliza 








поп Voltage 


TABLE 4 
MAXIMUM CURRENT LIMITS FOR METAL LINES [RET.5] 





Maximum Current 
@ 85 deg C 


Layer 










d. Capacitance Considerations 

Anytime that a circuit is laid out, attention must be paid to the physical 
positioning of the items so as to minimize mutual capacitance between the lines. This is 
very important to the Memory Array. If the amount of capacitance on the BIO lines 
increase, the capacitance of the memory cells and dummy cells must likewise be increased. 
This increase results in larger capacitors and hence a larger array. It also results in larger 
transistors to pull up the BIO line and memory cell. This is a prime example of where every 
change that is made to the circuit can affect the functioning of the other components of the 
circuit, and hence cause the re-optimization of the circuit. The other consideration is that 
the circuit should be balanced. What is done to one side must also be done to the other so 


that the total capacitance effect is the same on both sides of the sense amplifier. 


IV. CONCLUSIONS 


To date. there has not been a documented Instance of a working GaAs DRAM 
(utilizing standard GaAs fabrication techniques). This thesis presents an eight-address by 
one-bit DRAM array that was designed. simulated, laid out and tested using top of the line 
GaAs models and parameters from HSPICE for the Vitesse Semiconductor Corporation 
fabrication line. This DRAM array was then incorporated into a full blown eight-address 
by four-bit memory by Michael A. Morris [Ref. 4], also a student at the Naval Post 
Graduate School and also working with Dr. Douglas J. Fouts. This eight-address by four- 
bit memory is being fabricated by Vitesse Semiconductors and includes all of the 
supporting circuitry needed to validate this GaAs DRAM. The supporting thesis is 
forthcoming. 

The results presented here are a product of the latest and most accurate simulation 
software available. Software that was specifically designed to closely approximate the 
circuits produced by Vitesse Semiconductor. The problems encountered by past attempts 
to produce a working DRAM mainly centered on the inability to store charge for any 
significant period of time. That is the reason so much time was spent comparing charge 
storage for different configurations. Before obtaining HSPICE, tests were run with SPICE3 
by placing resistors in parallel with the read/write transistor to try to obtain a better feel for 
what the charge storage capabilities would be given the estimated worst case leakage 
conditions. Leakage currents of approximately 0.5 micro-Amps were still satisfactory. This 
was still an estimate though, and a more accurate test could not be performed without 
HSPICE. All of the tests performed with HSPICE on the circuit lead to the belief that the 
circuit will work very well. Even a margin of error of 50% would still give an acceptable 
refresh interval given that the clock is running at approximately 190 MHz and that a 
complete refresh takes eight clock cycles or about 0.4 nanoseconds. This clock rate is 
dependent more on the supporting circuitry than on the DRAM Array. To get the complete 


memory fabricated, size was a definite factor in that it determined the cost of fabrication. 


Du 


Speed tests were not performed as speed was not a purpose of the research. The purpose of 
the research was only to develop a working GaAs DRAM for fabrication. The only goal on 
speed was that it be as least as fast as Si static memory. After the circuit is fabricated, it will 
be thoroughly tested and documented in a later thesis. 

In order to meet deadlines for fabrication runs, a memory cell had to be decided upon 
and developed prior to obtaining HSPICE. After extensive testing with HSPICE, a better 
choice for the memory cell would have been a diode. The results presented here show that 
the diode decay curve has a flatter slope and that it can refresh to a higher level than the 
capacitor. These two factors alone are enough to choose the diode over the capacitor, but 
there 1s also the fact that a smaller diode could be used, thus making a smaller memory cell. 
One can see that there is a trade off between using a higher precharge and not using a higher 
precharge. A higher precharge will lead to a longer refresh interval. It will also raise the 
level below which a ONE will be read as a ZERO and thus make the refresh interval shorter. 
It is plain that the capacitor is the better candidate if a higher effective precharge is used. 
The diode is better at lower effective precharge levels. The bottom line for any application, 


is to simulate both, compare, and use the one that gives the best results. 
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Figure 7. MAGIC Layout of Memory Array 
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APPENDIX A 


CHARGE COMPARISONS FOR DIFFERENT 


RAM CELL CONFIGURATIONS 


I. RAM CELL CONFIGURATIONS 


The three different RAM cell configurations are presented below. The first is called a 
Three-Transistor RAM cell because it uses three transistors to store a charge.The last two 
are One-Transistor RAM cells and only differ by the method of storing charge, one uses a 
reversed biased diode and the other a capacitor. To determine the best one of the three to 
use requires that a study of the charge maintenance of the three be performed and the results 
compared. The Three-Transistor cell stores charge at node D on the gate of a transistor. A 
Write of the cell is done with transistor CAD and a read is accomplished with transistor 
(BIT I/O)BE. This location for charge storage works very well with Silicon, but for GaAs 


it suffers much too much from leakage currents. 


БІТ ПО 





Figure A1. Three-Transistor RAM Cell 
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The remaining two configurations only differ by the charge storage device. The first 
uses a diode and the second uses a capacitor as can be seen in Figure A2 and Figure A3. 
The question is whether a reverse biased diode that occupies the same area as a capacitor 
can perform as well as a capacitor. The capacitor was made by utilizing four different layers 
of metal laid out as in Figure A4. The capacitance can be calculated by the use of the 
information in Table 1. Assuming a square capacitor, an equation can be written that can 


be solved for the size of a square with side L that will give the appropriate capacitance. 


0.327 x Le + 0.772 x L = Capacitance 
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Figure A2. One-Transistor RAM Cell With Capacitor 
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Figure A3. One-Transistor RAM Cell With Diode 
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Figure A4. Capacitor Layout 


TABLE Al 
INTERLAYER CAPACITANCES [REF. 5] 


Parallel Plate Fringing 
Top Layer | Bottom Layer Capacitance | Capacitance 
(fF/micron?) (fF/micron) 


Once a capacitor value has been selected, the size of the diode can be calculated. Using 


























minimum sizes as seen in Figure 5, the minimum width of the transistor can be found and 
the resulting length calculated. This can be done for the three standard gate lengths of 1.2 
microns, 2.4 microns, and 3.0 microns. These sizes can also be used for the charge storage 
transistor in the Three-Transistor Model, though for this comparison only the 1.2 micron 


gate length was considered. 
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Figure A5. Minimum Size Transistor 
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II. CHARGE COMPARISONS 


The charge comparisons were accomplished using a single spice file of the three 
circuits of Figures 1, 2, and 3. This HSPICE file follows this section. Three different 
capacitor sizes were considered, and for each size capacitor, three different sized diodes 
were tested. Again, the different sized diodes are derived from the different gate lengths of 
1.2 Microns, 2.4 Microns, and 3.0 Microns. The following table, Table 2, lists the 
combinations of capacitors and transistor sizes. Referring to Figure 6 through Figure 16, 
the capacitor and the diode performed much better than the gate. Results show that the Gate 
charge storage in Three-Transistor Model is very poor. Comparison between the diode and 
the capacitor are a little harder. In each case, the diode with a 1.2 micron gate length was 
quicker to charge, but had an equally quick discharge. The capacitor performs better than 
the diode with gate length of 1.2 micron. In general, larger gate lengths charged quicker and 
discharged slower than the capacitor. It is interesting to note Figures 9 and 13, where the 
three different gate lengths are plotted together for each capacitance value. The larger the 
gate length the better the performance, or at least the slower the discharge. This comparison 


is taken one step farther in Figure 17. Here, gate lengths of 1.2, 1.5, 2.0, 2.4, 3.0, 4.0, and 
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5.0 are plotted against the capacitor in a very busy graph. It 1s easy to see the effect of 
varying gate length on the capacitance abilities. In Figure 18, the capacitor is plotted against 
a diode with a gate length of 1.8 microns. Notice how the two curves on this plot are almost 
exact. It is plain to see that a diode with the proper dimensions can perform better than a 
capacitor. This thesis though, chooses to use the One-Transistor Model with Capacitor for 
a few good reasons that are presented in the main body. Another interesting result that came 
out of this testing can be seen in Figure 6. Figure 6 shows a direct comparison between an 
enhancement mode diode and a depletion mode diode. The depletion mode diode is by far 
the better choice for use as a capacitor. The last point to make is the large discrepancy 
between the gate’s storage ability and the diode. This can be caused by the different models 


used, but it is questionable that this large a discrepancy is truly realistic. 


TABLE A2 
CHARGE COMPARISONS 


B cor Gate Trans | Gate Trans Diode Diode Figure 
” Length Width Length Width Number 
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III. CHARGE COMPARISON HSPICE FILE 





Vitesse HGaAs3 Ram Cell Date: 17 November 1992 


* include Vitesse HGaAs3 models and parameters for hspice. 
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.protect 

include '/tools3/cad/meta/h9007/lib/vitesse/hgaas3.models' 
Jib '/tools3/cad/meta/h9007/lib/vitesse/hgaas3.corners' tt 
.unprotect 


* power supply 
vds 1 0 2.0 


* Driving Control Signals 


* Control signals for Three-Transistor Model. 

* vhl is the voltage level being written 

vhl3 0 PULSE(0.0 0.63 OPS 100PS 100PS 1100Р5 105) 
* vw] is the pulse that does the writing 

vwl4 0 PULSE(-1.2 0 500PS 100PS 100PS 500PS 10mS) 
* vr is the signal that does a read (no read done here) 

v 5 0 -12v 


* Control signals for the One-Transistor Model with Diode 

* vh2 is the Pullup signal that turns on the Pullup Transistor 

vh2 12 0 PULSE(-1.20 OPS 100PS 100PS 1000PS 10mS) 

* vw2 is the Read/Wnite pulse 

vw29 Q PULSE(-1.2 0 500PS 100PS 100PS 500Р5 10mS) 

* vdl is the Pull-down signal that turns on the Pull-down Transistor 
vdl 13 O0 PULSE(0 0.63 1000PS 100PS 100PS 400PS 10mS) 


* Control signal for the One-Transistor Model with Capacitor 

* vh3 is the Pullup signal that turns on the Pullup Transistor 
vh315 0 PULSE(-1.20 OPS 100PS 100PS 1000Р5 105) 

* vw3 is the Read/Write pulse 

vw3]14 0 PULSE(-1.2 0 500PS 100PS 100PS 500PS 10mS) 

* vd is the Pull-down signal that turns on the Pull-down Transistor 
vd 17 0 PULSE(0 0.63 1000PS 100PS 100PS 400PS 10mS) 


* Three-Transistor Model -- Charge Storage transistor is as large as * the capacitor 
0 3 4 8 0 Үейб 1=1.2 w=8.0 

jl 7 8 0 0 епо 1230 wz245.l 

12 o 5 7 О  jfel6 1=1.2%=8.0 


* The following groups are all the One-Transistor Model with Diode. 
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* Each group uses a different diode gate length -- but all diodes 
* are the same size as the capacitor. 


j3 


j13 
j14 
115 
116 


153 
154 


156 


163 


165 
166 


173 
174 
175 
176 


123 
04 
125 
126 


133 


135 
136 
ТЕ 
j44 
j45 


10 9 


11 


11 
1 
10 


ШІ 


710 


610 


611 


610 


510 


511 


510 


110 
111 


110 


210 
211 


210 


310 
ОЈ 


310 
410 


411 
1 


0 l 
12 10 
Е 0 


109 711 
0 711 
12. 710 
195 9 


С ОИ 
0 611 
J2 610 
I 


ИУ 511 


12 510 
B O 


9 ты 


IZ 110 
13 0 


Я 
0 211 
БЕЗ 210 
133 0 


lI 


Ее) 
ORO 


411 
411 
2 410 


— C МО 


СОЕ ср CE CON CEN SE Co CO GO CDU CO = СО сә со со C 


со со со со 


=] 2 © 


jfet16 
41016 
jfet16 
)fet04 


jfet16 
dio19 
jfet16 
jfet04 


jfetl6 
41016 
jfet16 
jfet04 


jfetl6 
41019 
jfetl6 
jfetO4 


jfet16 
dio19 
jfet16 
jfet04 


jfet16 
dio20 
jfet16 
jfetO4 


jfet16 
dio20 
jfet16 
jfetO4 


jfet16 
dio20 
jfet16 


1=1.2 w=8.0 

le W=29 7.6 
l=1.2 w=150.0 
1=1.2 w=150.0 


121230510 

l=1.8 w=277.8 
I 2 w=1500 
11:22 150.0 


l=1.2 w=8.0 

[= Кз у=28/4 
|= Ше 
[21.2:502150:0 


| 1 2 w=8.0 

20 w 271.7 
j=]. 2 w= 1500 
I-12 w=150.0 


]=k2 w=8.0 

]=2.4 w=260.4 
2 w=150:0 
О 


= w=8.0 

]=3.0 w=245.1 
| 2%у=[50.0 
l=1.2 w=150.0 


|=1.2 м=8.0 

|=4.0 м=223.2 
]=1.2 w=150.0 
]=1.2 w=150.0 


l=1.2 w=8.0 


1=5.0 w=204.9 
І-1.2 м-150.0 
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j46 410 13 0 0 104 1-12 w=150.0 


* This 1s the One-Transistor Model with Capacitor 
ІІ 16 14 18 0 тейо I=1.2 w=8.0 
JS 1! 15 16 0 PIE 125500 
10 16 17 O0 O0  jfet04 І-12м-150.0 


* cQ is the memory cell capacitor 

с0 18 0 856ЕЕ 

* the other capacitors are BIO Line capacitors that simulate the 
* actual capacitance on the BIO Line 


cl 16 0 1000ЕЕ 
62 6 0 1000ЕЕ 
c3 10 0 1000FF 
c4 110 0 1000ЕЕ 
c5 210 0 1000FF 
c6 310 0 1000FF 
ey 410 0 1000ЕЕ 
cë 510 0 1000FF 
c9 610 0 1000ЕЕ 
с10 710 0 1000ЕЕ 


* This is the Temperature Flag that sets the simulation temperature 

* to 85 degrees centigrade. 

temp 85.0 

* The .probe command ensures that only the listed signals are saved 

* for evaluation 

.probe v(8) v(11) v(111) v(211) v(311) v(411) v(511) v(611) v(711) v(18) 
* The .print command prints the signals listed to the .lis file 

.print v(8) v(11) v(111) v(211) v(311) v(411) v(511) v(611) v(711) v(18) 
* The .tran command tells the simulation to run for 100000 nano- 

* seconds and to save data every 50000 picoseconds 

.tran 50000PS 100000n 

* 'The following line sets up the options and parameters to run. 

.options scale=1E-06 post captab gmindc=1E-11 probe 

.end 


IV. HSPICE SIMULATION GRAPHS 


The following graphs are the results of the simulation program HSPICE. 
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Charge Comparisons 
70 FF capacitor -- 2.4 Micron Transistor Length 
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Figure A9 
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Figure A10 
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Figure A12 
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Figure Al4 
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Charge Comparisons 
856.1 FF Capacitor --- 2.4 Micron Transistor Length 


Figure A15 
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Figure A16 
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APPENDIX B 
WAVEFORMS 


This appendix contains the waveforms that describe the functioning of the memory 
cell, sense amplifier, and Memory Array. A brief description of the waveforms will be 
given here as the operation of the circuitry is covered in the main body of the paper. 

The first two figures, Figure B1 and Figure B2, show the basic control waveforms and 
how they are timed in relation to each other. The Sense pulse and the Equalization pulse are 
180» out of phase. The Sense pulse is delayed from the Read/Write pulse to allow the 
memory cell and the dummy cell to upset the balance of the BIO lines before the sense 
transistors come on. 

Figure B3 shows the Write of a ONE to both sides of the sense amplifier. It shows how 
the two BIO lines are precharged and equalized and how the BIO lines are pulled high for 
each Write. Notice that the sense amplifier action causes one BIO line to go low when one 
goes high. Figure B4 is also a graph of a Write to both sides of the sense amplifier, but it 
also includes the cell charges so that the charging rate and level can be seen. Figure B5 is 
an enlarged graph of a Write to one side, it also includes the Sense pulse. The action of the 
Sense pulse can be seen by analyzing the behavior of the Odd BIO Line. 

Figure B6 shows a Write of a ZERO. The Even BIO Line is pulled high for the first 
half of graph because a Write of a ONE is occurring on the even side. The Write of a ZERO 
happens to the odd side, as can be seen by the way the Odd BIO Line is pulled low. Notice 
how the opposite (even) BIO line almost goes as high as it would have during a Write of a 
ONE on that side. This demonstrates the ability of the sense amplifier to pull the BIO lines 
in opposite directions and to get them to very good levels. 

Figure B7 is the Read of a ONE. Here, it 1s easier to see the balance of the two BIO 


lines get upset by the memory cell and the dummy cell on the rising edge of the Read pulse. 
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It is also easy to see the effect of the Sense pulse coming on. The Even Cell gets read and 
its charge is refreshed. 

Figure B8 is the Read of a ZERO. Again, the BIO lines get unbalanced. and the sense 
transistors pull the BIO lines in the proper directions. The memory cell charges a little by 
the higher potential of the BIO line, but goes back down at the end of the cycle. 

Figure B9 is a comparison again between a capacitor and a diode. This time it is to see 
if there is any difference in charge levels on a Read. It is interesting that the Read of a diode 
charges about the same height as the capacitor. The capacitor will Write to a higher value, 


but during the Read the diode catches up. 


53 


о 


зазтА э5иас рие поцегцейЬ -- мотеле, 


(cpuo2ssoueND) Sul, 
S r 


Er uin 


ЕНІН ч 


m эатечо 


Figure BI 


54 


asmaq asuag pue sagng HUA Peay од] -- SULIOJƏAPAN 


(Spuaaasoueny) 21], 
9 - Р = с | 0 


55 


с 
as 
9 
= 
= 
= 
LL. 


(S[OA-IITIJ) oaeo 








S119.) аао pue uaAq од амо É HAN 
seur[ OJg ?? dnjmq 'eiwpeesg — suLtoJaAe As 


(spuo2esoWeND) aur], 





(8ЦОА-ТПТІІ) 957690) 


Figure B3 


56 


seprs рро рив палу од дамо вама 
заблец сә пао рие саит] 19 ‘эиллкрезы -- здиоуалед 


(ерлтозәсолтең) IULI, 


(5ЦОЛ-ТПТІІ) 9976Ч;) 





Figure B4 


57 


INO НА 
азлец 5 |[8O 29 səur1 OI g Bsuag пута ‘эзмикуреа -- эдиоталел 
серуозәсолтек) әшті, 
= ac Z сі | со 





(Sypo^-TTTITI) 93Ten 


Figure B5 


58 


0197. © ВИДА 
seur] O[g pue aS1eg 5 lap ‘AUA\/peay -- 5шлорәл®д\ 


(SPIODIISOUEN) BULL. 





N 
т 
ESOL- 923x007) 


Figure B6 


59 


3NO * peas 
автец о ә о 29 seur1 OI ‘85085 ‘виллкиревы -- SULIOJAAVAA 


(epuoa2asoueND Sut, 
сег 


szwy 


(атол-ттр]) 





Figure B7 


60 


E 


QI87 ? pea» 
SAU] OL 28 а5иа$ ‘аатечо Ца) 'ауылуреа -- SULIOJSAP/A 
сетллоәәволек) IWILL 
LI Sol Ot G6 6 с 8 





TMA) sereyD 


(&[OA- 


Figure B8 


61 


Sd NO pede pue ei ELA. 
uosueduro- apo] pue log3ede? -- suLloJaAe/A 


(spurooesoueND eur 





HNO € peas > HHO в 9044 


(ӘЦОА-ТПІМ) әзер) 


Figure B9 


62 


APPENDIX C 


MEMORY ARRAY CHARGE MAINTENANCE 


This appendix contains the charge maintenance comparisons for the entire memory 
array. Figure C1 through Figure C11 display the charge maintenance abilities of the array 
for a wide spread of precharge values. They also compare diodes with gate lengths of 1.8, 
2.0, and 2.4 microns and a capacitor, all with the same physical size. The obvious thing to 
notice is that the higher the precharge, the better the charge maintenance. Also, notice that 
the capacitor is better than the diodes at precharge values over 0.20 volts. This precharge 
value though, is not the level of the voltage source to put into the memory array. The 
precharge level in these graphs is the effective precharge level. In other words, to perform 
the simulations in reasonable periods of time, some shortcuts had to be taken and one of 
them was to put the BIO lines at a voltage level and leave them there for the entire 
simulation. It is a perfect continuous precharge. The actual circuit precharges to a higher 
value, but only holds the BIO lines there for a relatively short period of time. The BIO lines 
precharge to approximately 0.27 volts, and this equates to a more realistic value or effective 
value of 0.17 volts. This can be seen by comparing Figure C1 with Figure C12. Figure C1 
was simulated with the precharge of the circuit functioning as designed and it took a long 
time. The last figure demonstrates the charge maintenance with all precharge turned off. 
Figure C13 shows that with no precharge the charge will not last a tenth of a millisecond. 

I. HSPICE FILES 


A. HSPICE FILE FOR ARRAY WITH PRECHARGE 
Vitesse HGaAs3 Ram Cell Date: 17 November 1992 


* include Vitesse HGaAs3 models and parameters for hspice. 
„protect 

include '/tools3/cad/meta/h9007/lib/vitesse/hgaas3.models' 
.lib '/tools3/cad/meta/h9007/lib/vitesse/hgaas3.corners' tt 
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.unprotect 

* power supply 

* vds is the positive voltage rail 

* vrefb is the precharge power supply for the BIT VO Line 
* vretd 15 the precharge power supply for the Dummy Cell Capacitors 
vds 1 0 2.0 

vrefb 777 0 0.7 

vrefd 888 0 0.26 

* Driving Control Signals 

* vv is the Odd BIT I/O Pull-up 

*уу 84 0 -1.2V 

* vyl is the Odd BIT I/O Line Pull-down 

vvl 85 0 0.0V 

* vw is the Even BIT I/O Line Pull-up 

*vw 82 0 -1.2V 

* vwl is the Even BIT I/O Line Pull-down 

vwl$3 0 0.0У 


* The vrc signals are the Read/Write Transistors for all the cells 
*vrcl 21 0 -1.2v 
*vrc3 23 0 -1.2v 
vrc3 25 0 -1.2v 
vrc7 27 0 -1.2v 
*vrc2 22 0 -1.2у 
vrc4 24 0 -1.2v 
vrc6 26 0 -1.2v 


vrc0 20 0 PULSE(-1.2 0 1300PS 100PS 100PS 1120PS 10MS) 
vrc] 21 0 PULSE(-1.2 0 6540PS 100PS 100PS 1120PS 10MS) 
vrc2 22 Q PULSE(-1.2 0 3920PS 100PS 100PS 1120PS 10MS) 
vrc3 23 0 PULSE(-1.2 0 9160PS 100PS 100PS 1120PS 10MS) 


* These signals are the Odd and Even Dummy controls 

*vedc 40 0 PULSE(-1.2 0 1300PS 100PS 100PS 1120PS 5240PS) 
vedc 40 0 -1.2v 

*уоас 41 0 PULSE(-1.2 0 3920PS 100PS 100PS 1120PS 5240PS) 
vode 41 0 -1.2v 


* This signal is the Sense signal 
*vqd 189 0 PULSE(-1.2 0 1430PS 100PS 100PS 990PS 2620PS) 
vqd 189 Q -1.2v 


* This signal is the Precharge signal and Equalization signal 


vp 88 0 PULSE(-1.2 0 OPS 100PS 100PS 1100PS 2620PS) 
жүр 88 0 -12у 


* These signals are the Pull-up and Pull-down signals for the BIT 

* T/O Lines 

vw 82 0 PULSE(-1.2 0 1300PS 100PS 100PS 5000PS 10MS) 

уу 84 0 PULSE(-1.2 0 6500PS 100PS 100PS 6000PS 10MS) 
*vw183 0 PULSE(0 0.6 700PS 100PS 100PS 920PS 117600PS) 
*vv1 85 0 PULSE(0 0.6 2600PS 100PS 100PS 920PS 117600PS) 


* The following transistors make up the memory array with j23, j24 
* and j25 as the three diodes that were added for comparisons. 
* DG S B 


J 1 189 98 0 jfet161=1.2 w=9.0 

je | 189 99 0 jfet161=1.2 w=9.0 

]2 98 20 50 0 jfet161=1.2 w=8.0 

jj 98 41 52 0 jfet161=1.2 w=8.0 
4 98 99 0 O  jfet041-21.2 w2210.0 
j 99 98 0 O  jfet04121.2 w2210.0 
j6 99 40 53 0  jfeti61-1.2 w=8.0 
j 99 21 51 0O  jfetl61z1.2 wz8.0 

18 888 88 52 OQ  jfetl6121.2 w23.0 
9 1 82 98 0 јіе161=1.2 м=185.0 
ННІ 954 99 0 jfet161=1.22 w=185.0 
ІП 98 83 0 OQ  jfet04121.2 w-6.0 
]12 99 8 0 O  Jjfet041z1.2 w=6.0 
13 98 88 99 0 Үейбі-12 м-20.0 
]14 98 22 54 0 Ү(ейбі-1.2 у-8.0 
]15 98 24 56 0 jfet161=1.2 w=8.0 
]16 98 26 58 0 jfet161=1.2 w=8.0 
]17 99 23 55 0 jfet161=1.2 w=8.0 
18 9 25 57 0 Ү(Ейбіг-і2 м-8.0 
ШІ) 99 27 59 O jfet161=1.2 w=8.0 
]20 888 88 53 0 jfet161=1.2 w=3.0 
11 777 8 99 0 jfet16 1=1.2 w=6.0 
122 777 8 98 0  jfetl61=1.2 w=6.0 
Е О 51 0 99109 1=2.0 w=271.7 
]24 54 0 54 0 399 1=1.8 м-277.8 
]25 55 0 55 0 diol9 1=2.4 w=260.4 


* 'The 856 FF capacitors are the memory capacitors 
* The 70 FF capacitors are the Dummy capacitors 
* The other two capacitors are for the BIT I/O Lines 
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с0 50 0 856FF 
же ико) 856FF 
c2 52 0 70ҒЕ 

с3 53 0 70FF 

*c4 54 0 856FF 
"он они) 856FF 
сб 56 0 856FF 
Cy 57 0 856FF 
c8 58 0 856FF 
c9 59 0 856FF 
с10 98 0 750FF 
cll 99 0  750FF 


.tran 0.01MS 10.8MS 

.probe v(50) v(51) v(54) v(55) 

.print v(50) v(51) v(54) v(55) 

options scale-1E-06 post captab probe gmindc- 1 E-6 
.end 


A.  HSPICE FILE FOR MEMORY ARRAY WITH SEPARATE PRECHARGE 


Vitesse HGaAs3 Ram CellDate: 18 November 1992 


* include Vitesse HGaAs3 models and parameters for hspice. 
.protect 

include '"/tools3/cad/meta/h9007/lib/vitesse/hgaas3.models' 
lib '/tools3/cad/meta/h9007/lib/vitesse/hgaas3.corners' tt 
.unprotect 


* power supply 

vds 1 02.0 

* vrefb is BIO Line precharge and is not used. 

vrefb 777 0 0.7 

* vrefd is Dummy Cell precharge and is not used. 

vrefd 888 0 0.26 

* vrefx is the permanent BIO Line precharge - it is the level 

* at which the BIO Line is maintained after the initial Writing 
* 1s done 

vrefx 666 0 0.17 


* Pull-up, Pull-down Control Signals 
*vv 84 0 -1.2V 
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УУ185 0 0.0М 
*vw 82 O0 -12V 
vw183 0 0.0У 


* Read/Write transistors vrcO, vrcl, vrc2, vrc3 are used below to 
* write to the cells. 
*vrcl 21 O -l.2v 
*vrc3 23 0 -1.2v 
vrc5 25 0 -1.2v 
vrc7 27 0 -1.2v 
ІС? 22 0 -1.2v 
vrc4 24 0 -1.2v 
vrc6 26 0 -1.2v 


vrc0 20 0 PULSE(-1.2 0 1300PS 100PS 100PS 1120PS 10MS) 
vrcl 21 0 PULSE(-1.2 0 6540PS 100PS 100PS 1120PS 10MS) 
vrc2 22 0 PULSE(-1.2 0 3920PS 100PS 100PS 1120PS 10MS) 
vrc3 23 0 PULSE(-1.2 0 9160PS 100PS 100PS 1120PS 10MS) 


* Dummy Cell control signals are turned off. 

*vedc 40 0 PULSE(-1.2 0 1300PS 100PS 100PS 1120PS 5240PS) 
vedc 40 0 -12у 

*vodc 41 0 PULSE(-1.2 0 3920PS 100PS 100PS 1120PS 5240PS) 
vodc 41 0 -1.2v 


* Sense transistors are removed 
*vqd 189 0 PULSE(-1.2 0 1430PS 100PS 100PS 990PS 2620PS) 
*vqd 189 0 -1.2v 


* Control signal for BIO Lines permanent precharge 
vex 87 0 PULSE(-1.2 0 13000PS 100PS 100PS 10MS 12MS) 


* Normal precharge transistors are removed. 
*vp 88 0 PULSE(C-1.2 0 OPS 100PS 100PS 1100PS 2620PS) 
жүр 88 0 -1.2v 


* Pull-up signals to Write ONEs 
vw 82 0 PULSE(-1.2 0 1300Р$ 100Р$ 100Р$ 5000Р$ 10MS) 
vv 84 0 PULSE(-1.2 0 6500PS 100PS 100PS 6000PS 10MS) 


*vw183 0 PULSE(0 0.6 700PS 100PS 100PS 920PS 117600PS) 
*vv1 85 0 PULSE(0 0.6 2600PS 100PS 100PS 920PS 117600PS) 
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* ‘Transistors for memory cell array 


j2 
3 
#15 
16 
j7 
*j8 
10 
111 
112 
113 
#114 
115 
116 
117 
118 
119 
120 
*j21 
*j23 
*j24 
j27 
j28 
j29 
j30 
j31 


D G 


666 87 
666 87 


S 


обо CO Ole eo о COC OC oo е CI 


jfet16 1=1.2 w=9.0 
jfet16 1=1.2 w=9.0 
jfet16 1=1.2 w=8.0 
jfet16 121.2 w-8.0 
jfet04 121.2 w-210.0 
jfet04 1=1.2 w=210.0 
jfet16 121.2 wz8.0 
је 16 1=1.2 м=8.0 
jfet16 121.2 w=3.0 
jfet16 121.2 wz185.0 
jfet16 121.2 wz185.0 
jfet04 121.2 wz6.0 
jfet04 121.2 w-6.0 
jfet16 121.2 w-20.0 
jfet16 121.2 w-8.0 
jfet16 121.2 wz8.0 
jfet16 121.2 w-8.0 
jfet16 121.2 w-8.0 
jfet16 121.2 wz8.0 
jfet16 121.2 w-8.0 
jfet16 121.2 w-3.0 
jfet16 1=1.2 w=6.0 
jfet16 121.2 w-6.0 
dio19 122.0 wz271.7 
dio19 1z1.8 wz277.8 
41019 122.4 w-260.4 
jfet16 121.2 w-6.0 
jfet16 121.2 w-6.0 


* Capacitors for cells without diodes. 
* Capacitos for BIO Lines and Dummy Cells 


cO 
zc 
СЁ 
c3 
*c4 
* СЭ 
сб 
c7 
cë 
c9 


50 


л 
+ 
uU C 0x ooo 


856ЕЕ 
856FF 
70FF 

70FF 

856FF 
856ЕЕ 
856FF 
956ЕЕ 
956ЕЕ 
856ЕЕ 
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с10 98 0 750ҒЕ 
EN. 99 0 750ЕЕ 


* Program controls. 

.tran 0.01MS 10MS 

.probe v(50) v(51) v(54) v(55) 
.print v(50) v(51) v(54) v(55) 


.options scale=1E-06 post captab probe gmindc=1E-6 
end 
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Figure C4 
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Figure C5 
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Memory Array Charge Maintenance -- Precharge 0.26 Yolts 
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Figure C13 
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APPENDIX D 


POWER CONSIDERATIONS 


This appendix contains the three graphs of the total power consumed by the memory 
array for Writing and Reading ONES and ZEROS. Figure D1 is the Write and Read of a 
ONE. Due to the Pullup Transistors, the power consumed during a write is three times the 
power consumed during a Read. Figure D2 adds the total power for Writing and Reading a 
ZERO. The power consumed for writing and reading a ZERO is the same as the power 
consumed during a Read of a ONE. Figure D3 includes the power drawn by a diode for the 
Write and Read of a ONE. Note that the power levels are basically the same for a diode as 


for a capacitor. 


83 


SA NO Peay PUE IMA 
болу ÁrculSj A лој ла лод [210] SULIOIGAUAA 


(epuoo2esoueHN) eut, 





TID) 991807) 


(QTOA- 


Figure DI 


84 


SO AAZ PU? SJ NO Peay PUL NMA 
AVUY ÁIOUISJA10]I8/&Oq [RIO] -- SULIOJƏAP AA 


(ерлло2әсотең) әлті. 
8 9 b 





(5ЦОА-ТТАЫ) әзер) 


Figure D2 


85 


54 МО peas pug NMA 
apoq pwe sopwædeg Аршу Адошаәар{ до} лә ЛОД [е|О]. -- suLIojyaaRA, 
(ерлоодәсолең) eur 


OT 


cT 


ЪТ 





(MA-IN) Iad WoL 2 МОА-ППИ) 24164 


™ 
= 


+ 
"i 


Figure D3 


86 


LIST OF REFERENCES 


Fouts, Douglas J., “Gallium Arsenide Digital IC Design,” paper presented to 
Advanced VLSI Design Class, Naval Postgraduate School, Monterey, Cali- 
fornia, 10 February 1992. 


Long, S. L., and Butner, S. E., Gallium Arsenide Digital Integrated Circuit 
Design, pp. 79-139, McGraw-Hill Publishing Co..1990. 


Kuo, C., Kitagawa, E. W., Drayer, P., “Sense Amplifier Design is Key to 1- 
Transistor Cell in 4,096-bit RAM,” Memory Design: Microcomputers to 
Mainframes, pp. 91-96, McGraw-Hill Publishing Co., 1978. 


Morris, Michael A., Gallium Arsenide Dynamic Random Access Memory 
Array Support Circuitry, Master’s Thesis, Naval Postgraduate School. 
Monterey, California, March 1993. 


Gallium Arsenide Foundry Design Course Notes, Vitesse Semiconductor 
Corporation, Camarillo, California, July 1987. 


87 


INITIAL DISTRIBUTION LIST 


Defense Technical Information Center 
Cameron Station 
Alexandria, VA 22304-6145 


Dudley Knox Library, Code 52 
Naval Postgraduate School 
Monterey, CA 93943 


Chairman, Code EC 

Electrical and Computer Engineering Department 
Naval Postgraduate School 

Monterey, CA 93943 


Douglas J. Fouts, Code EC/Fs 

Department of Electrical and Computer Engineering 
Naval Postgraduate School 

Monterey, CA 93943 


Hershel H. Loomis, Jr., Code EC/Lm, 

Department of Electrical and Computer Engineering 
Naval Postgraduate School 

Monterey, CA 93943 


Christopher B. Vagts 

Lieutenant Commander, United States Navy 
1037 Spruance Road 

Monterey, CA 93940 


88 








Thesis 
V1236 
Сс, 





Vagts 

À single-transistor 
memory cell and sense 
amplifier for a gallium 
arsenide dynamic rando. 
access memory. 





Я 


& б 
Php HP 
ON ITS и > 
la j 
H 4 Ы . 
2 | it 


|| 


ІШІШІ 
0003342 


| | 


||| 


| 
HH 
| 


| 


|| 

PAY f { DE L | ! 
EDI f ] 

HOLEN 3 RAL | 5.2. n D | ||| || | 

; Е ШІП 


n % > 
oe А 
гер 5 í TEO 


и 
m 
LL 







EM 

MIL ied 4 "lo 

РАНИЈА d Ë D m 

i 6. 2 LM ГОРОК 

(ЖАТК К Ир I 

YZ n dU Nes 

MIN Р; РЫА 

ПЕ ИТЕУ 
УТ Г С 

POMPES 

peut 


44 
129 
ОА 

! дегі; 







ТИШЕ 
TE TIPP 
"TT 









. 

t 
err ts 
СУ ae UJ CE ТЫРДЫ, 
TONS РИМА p voL Cr 
"S A 10 >" 
eben 

БА ЕГИ 

ЕЛЕ 


Ый бай Сет 
ЕН МУ ДИЊ) 
Дона уки 
Baa hn a v 


Do 


A pen KUTLU Q d 
НИЙ 2 ҡа И + 
ЧЫ А ы ELE bi 1 
r ЖГ ТАР d j 
м. К P k f. | 
DEL 
А РЧ ñ у AMA САДА И" 
ry š 





А z 
КРУГ 

"HE PT ERE 
ПРО 


БРУНУ 
У 
т 


AT! 
ol nny 





















































































































































































































































2 
Е 
Т 
í` 
"I 
Я : 
Й » А Р б PEL 
Р р у ECOL uo 
Ж г А ПЕ PR CODEC) 
{4 4 t 4.44 ы. + 
Po pt а H а а А 
Um» Raid EPI P ib) ket PIX аы МАЈ, ; ... 47 
ГРА ГУЕ at H У £ ТЕГ E 
| AE TENET E . "А 
> 1 .“...... tb * LP 
T a А . 
Ц а. ы Inm v УЫ а 
НАЛАЗИТИ ТРЕ р “. 
e m PPS 41 .ла..й4 
7 LOS ste DP 
a morals g 3 t CERTI 
= "Om “күк ҮТҮ Гы 44”” А .. Й "m 
u L| ^ 
`. "n О МАРНА О де 1 
ОДА ПИ 44-4... 4 ы at 
y TM АН ос 
` eer КЛЕТ СЕС! ыы 
А р tt zt E НИИ s n 
"MI T [Xn r. 
. 4404 НА СУ ЕТ И (ДУ 
PR ТЫЛА: ГЕТО О [m P Р П HOPED AL ICI oo 
ID b roy l ы. H позе ЖЕЛДІ? Pen қоста АИ ^ А 14r 
"UTEM MEL eer ee re КЕ 444 Б еее 
ПОКИИ Ч a Lea ЗО Мыр. 
at. E Nur TTD ИО С С n SUR * ла! N ... Ы dir 
Ы ы “тш . ШИ ААД, РТ ТЕ еф # 
qie u a z at Ра . | Le a 
E I] T ry „* “ E П 
.. 1 t D ` E E 
П ИРГ АВА ЕУ ы E . y 1. 
LA "EU иге МУНИ Й А ‘ Е Ы 
VUE MG D aed fe artt ы” she o? ы us 
T 4 i 
PS .. MN oc ° s Y 
Li . ie .!7.”) А 
" 4 .Х..... `: 
Е Ми КРИС cu " 
КРИТУ w Bh. 
Н ЕИ ТИГ “ 
te “ 
Ы . П 
ОДРА f v * ‹ 
ET 
"m " 
1 [4] 
^* . LI Ы 
LI б, 
, М ы LI 
ЫТ М 
ШАГЕ "T. М ^ .. 
E . CELI . Ы 
АНА J or Ей; А 
ЕТТЕР H P Й 
О ? в " Lm 
А 
«5° t А 
ме i ТЕГІ А . 
g - ы 
ККТ Й А А 
А . E " . . П H Й 
«19 ESCAPE Nr T "T А П ^ r 
DD DEC usns Us cp ыы mioa 
FAL LL E % П . H 
Pie Te ed ^ E PE. AL tah E 4 
"T оры » * a " А +. 
А A Й E 
« LI Pd 1 H H AT Гер төзу. 
КАШ, TEE Ж, TEL "D 1 
» m 
LI М 4 Y КГ n А чл МЫ | t, d LI 
"Lr ы “ $ [1] М G 
LP" А P бте `. T 
PoE И Ја АКСО u 
Н "n = Р MN ы 
b $ А % © + “ 
| E в и Г ^ 
ñ s., Й . О 
П Р r 1 Б в а 
4... n | Й „ А 
! Fyn’ Í» П t ЈУ ' t М 
А [je DOR ñ ^ А 
ы ІІ; E + А О see P б 
к s um . ы Й б " 
M "~ =з m EL: Zu ‘ 
; М ” ч, -å Й ñ " E 
sf Ы "m РО .е ы к= иШ, 
H А den А j т 
Ms Й р Р K. L g "m LI 
ПА а , р $ . LT] ' А М 
А r 7 ЖС 4. "m el) Ы И 
4 TT О "TE LI б « О 
. T n О ` ы 
HEP T d, > 
f Ж 
j АИ Е жа e? P р ñ Н 
un - А А E 
H 5 * Р H ғ М Й 
Ы | ы] 
LM М DD А . К 
Н О .” . . 
m А К 
. e а a . LP О ғ М 
TU Ы , 1 u М M 
ы Ы E 
U . ч E • 
H $ oe В ы ғ 
"ET Ма .. a ы .% + " ' 
; N T E D і i 
<n , D Ac О 
.. RS E oss М Г сек ч 
Е А mm a D / А П 
za ы ME 1 "iud > "ET г L. k M 
. TE А 
N i 4 £ E СР Е А 
ҒЫ М О б О 
Н n Й 
Е б О . б 
\ к Л Tr G Ра 1 ЧЫ 
" 
һ* а NE " B A HY s. г E 
Ld x ы 4 Ж g 
б А “ А 
4 . ее. " = x | 
é б А "an E 
зі. б 1 ^ LL] + 
i 4 .. ы А 
Ы LL. . ia E ИС 
» %, с .. ud я 
Ls HR . ô А D E Р 
LI LI 
О Уез ni ы « Xu = a 
4” H ; LI . 4 Й . О 4 
> [| 9; a A . 
А ta ` A " 
“ . * " 
“ П ', os ° b “ а s d 
š n `. ` А р ‘ ы А .. 
E В y " `. 
y 
Р “ ы ГЕ : i T H LI 
... Дк ЖОО si oy ` А « x 
. m А Ц : ; 
i М т | L] y B , " ° 
F ТЫ А М ш О ú 
р à Li i А ГР М 
1 + ^ 4 М M 
1 ‘ Sot р 
Ж , М 
Д ] 1 \ a bas 1 1 
(+ H n 
FEN LE б, А : 
У й ` ^ О "T А EET 
t 41. а а & = * "m 
n 4 E © ә | " M 
H^ LI 
n А E [T9 Ц .» ы " + 
шы E » à .. Í Г АТАП ] [] 
4 H [E M : J , 
MC eria e + 
А М а n .. n 
нА ` $ 4,9 5 LI 
ч СТТ | a i 4"! Т 
н, еН Ч S p Li 14 ] rear | : a "| у ч ы ы .. ым 
VM M 4 „ $ rn А jo. га а ‹ "~ 
Lb eps? à АЕ T у М i v f 5 E Ы М ... ' E] 
ЊЕ 1 H TS у ~ Р , TL а» n d A 
ГИ А ~ , 
АМАЛҒА са 5 "MAL. 1' . ы $ a ЖҚ [7 š 2 | t i ee k 
| 1 2 Е П . 
Sta rat yeas oy А СПКД ДЈ , Е L Ls О unl JEROME ` 
М i 
М CaA ii ы М Р E А б} , ` 
m А 
H ПА T P A D- x E 
м е > А 
ИНУ Р. ЫЧ 5 2 ы i 
ITE N + 5 . А 
АИС E А n y E . 
Ы) Lu ж. Р 4 27 -$ 
- f, 5 
E - А x 
E P Е а ^ и 
.. М Мы ЈА М + mi 
LEES rM эр| " i 7 1 ' А 
Ж Percy wea TERY ығ сты: 
ыы I RARE: FP A Ж, е Eo : А у 
EO Ru Er 7 A Ға $ п 2 quss D 3 M 
КЫА, 4 Mz ^ 5 CIC ы ‘ 
te "a MA е H 1j M fos ХЫН 5 DCUM SPI и. n # с ОТА 
У ла Нам ЕЈ : М 4 “Ж. Џ $ É Жы "m 58 T г р 
- А Ж "Ы; қ ` 
фы, ME НА МЕ! £ h р р S we OO , (3 ЕСЕ х Е КРГЕ " 
С с. УМ H^ IO , E ^ ' ~ 
Ag AU. Р, ИР з ‘a И О . ? d с n Y 
МИА ; n к = Ы 
5 4 A d LR - 2i ғы a Ц Ú 
р MU uU HT 1” р я 5 : 
ПЕ. Se Ja d С ' 
ate Ы 4 зе" 35 
тағы HAE E ELS 1.0.4 H . [| і M Pr ЈЕ ы ~ 
EMO PO к ^ ~ Я 
я ri un "m П Н " z Ра 
ПРСА СТИ DA Ё А . : 
ұй Ы du Ри МЕН ТОГЫ. Н e сым A^ 41, «= ..2 ] О 
аты ae " L P Ц . š f 
UTE DTI s б CUT (1 4 " б 
Ж”) ыы ñ E 4. f 
rr # ыру” А 1 , П р ` E ] 
tak is Sn А h 
PARA и ие кемік 
y РА t} П СИ“ P 
бы? hor TOME ж b os б; Џ 
dox 1 EE а, 
КГ a 
€ U р . 
Mofes "IM А ЗАЗА р - , 
ЖУУ НАДА ы HOD Š ‚ "Ln 2 , АС ЕС р 
ОИ р H А ds рм Е А Я қ ` 
H Я e xi ІЗ я * 4 » ` `. " B Й ` " ^ 
y Me ыр М АРА НЕ ы ка а о UU С , 8 Й х 
УЙ z, ыж КУЧЕ 3n 15“ = m 5 n 1 
Ы СУЫ К, И С. s 
ета ET ГИ К Я к ЕГІ D n m f% u Ы г 
ры ых 7 3.0 ЗЫЯ Е ТАСС: р e КЕТ. " р Ө 
“ 4 Y Li .. 
ы 3). ca ¿ t, ° d А СТ м PIE м A dos ~ P 
MOLD [E ғы = rere ^ LEO "D I ` 
E S Um T , 1 0 
в, .. А 
ж zi . 
ен i E 
АТИ DIDI 5 Р 
ЕНА x Ы 
САИ ' 
" 
| | , 
AIE ETATE 1 ‘ 
. ОТ. c 
Poe TTR! ot bee ЛИКА Й , E 
И ла У s 
LPs % РАЈ 4 r so ч 
PIPER) j Eat ИИ Y 
ea ч 
ЕКІ m Я ВТО di ы j d Vh | 
eae) РЈ t + d д А Шыны 4 Mt ы Ыр 
Те САН: i S af Io OLOR ES "T 
«гё Au | d х : и E. 
a 5478 ' Ea ; i ЛЕ В 
г É - , ` р 
E е 1 ld 
4 ñ А 
> " 
" ы E 
" 
П 
А fa " 
А | E 
LI 14. 





ТЕ, 









Ж 
é 






Кы 


E 


Ы 



















































